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Diurnal courses in gas exchange. photochemical eHiciency and water relations were monitored during two late 
summers in three groups of adult Quercus robur L. trees, planted along an urbanization gradient that correlated 
positively with the degree of die-back exhibited by the trees. Leaf carbon: nitrogen ratios, proline and polyphenollevels 
were monitored to explain why the intermediate group of trees were more severely infested (p ~ om) with Astero-
lecanium quercicola (Bouche). All three groups of trees showed a significant correlation of net photosynthesis (A) with 
photon flux density (PPFD), but A correlated more positively with the pre-dawn leaf water potential I.Jipd of the 
moderately (trees of group b, i.e. at the edge or town) and severely (trees of group c, i.e. urban) water-stressed trees. A 
of the rural trees and stomatal conductance (g) of the three groups of trees showed little correlation I.Jipd values. 
Possibly due to the long-term effect of stress, g, as reflected by changes in the transpiration rate (E). showed a 
significantly (p ~ 0.01) higher sensitivity to relative ambient humidity (RH) In the trees of groups b and c. 
Photochemically, a close coupling was found to exist between A, 'l'pd• RH, the time needed to reach the maximum 
fluorescence level, i.e. FTm, and S, i.e. the complementary area normalized to the variable fluorescence, indicating 
that the trees were also affected at this level of organization. Proline accumulation occurred in the trees of group c but 
not in the trees of group b, as opposed to the polyphenolic concentrations which were significantly (p ~ 0.05) higher in 
the trees of group b than in the trees of group c. A possible explanation for the higher infestation of A. quercicola on the 
trees in group b is given in terms of their host specificity and changes in these trees' nitrogen levels. 
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Introduction 
Plant resources, which include carbon, nutrients and water, are 
partitioned to different plant parts such as roots or shoots, and 
allocated to biochemical fates associated with the processes of 
resource acquisition and partitioning themselves, as well as the 
functions of growth, maintenance, defence and repair, etc. These 
processes and functions are controlled by intrinsic and extr insic 
factors. Planl genotype limits rates of acquisition, sets priorities 
for partitioning and allocation, and determines the operation of 
functions such as defence (Jones & Coleman 1991). At the 
whole-plant level, the regulation of carbon partitioning to roots 
and shoots may occur mainly in response to water relations 
parameters (Schulze et at. 1983), and although carbon partition-
ing into leaves has a positive feedback on plant carbon relations, 
it might have negative effects on the plant water balance. At the 
second level of regulation, i.e. the leaf, plants may regulate the 
opening of the stomatal pore to internal plant factors such as 
water stress and photosynthetic capacity or in relation to climatic 
factors (Schulze et al. 1987). But plants are rarely, if ever, 
exposed to a single stress or source of damage at a speci fic time 
(Ayres 1984 ). Stress and damage may also vary markedly in their 
duration and intensity. Hence, relative effects on carbon versus 
nutrient and water acquisition, as well as the demands for 
resource allocation to defence and repair, will also vary. To cope 
with stress, plants make short- and long-term physiological 
adjustments to maintain functional and structural homeostasis 
(Tsimilli-Michael et a/. 1996). These adjustments change the 
biochemical, anatomical and physiological characteristics of 
leaves, which may alter the suitability of the plant to insect her-
bivores and therefore affect the degree or distribution of insect 
herbivory or both (Rhoades 1983; White 1984). According to 
Breda et al. (1993a), many reports analyzing the occurrence of 
the oak's decline during the 1980s in Central Europe linked it to 
particularly rain-deficient years, although some pathogens are 
thought to amplify the persisting effects of such climatic con-
straints (Delatour 1990). 
Thus, insect densities, of which Asterolecanium quercicola 
(Bouche) as described by Bouche in 185 1 (Russell 1941) is an 
example, often increase under stressful environmental conditions 
(Larsson & Bjorkman 1993). This species, of which the repro-
duction is parthenogenetic, normally live in small crater-like 
depressions on the bark and twigs of Q. robur L. but also infest 
the leaves when the population density becomes high (Kosztarab 
& Kozar 1988) (Figure 1 ). This infestation results in the trees 
retaining their leaves until late in the season whilst young buds 
do not develop. Consequently, the trees acquire a contorted, 
bushy appearance of which the growth tips stagnate or die back. 
According to the food-quality hypothesis, which has been the 
subject of many reviews recently (Jones & Coleman 1991; War-
ing & Cobb 1992}, biochemical changes leading to enhanced 
insect performance take place in plants under abiotic stress, e.g. 
increases in concentrations of soluble amino acids and/or 
changes in concentrations of secondary metabolites (Larsson & 
Bjorkman 1993). H owever, results in this regard have not been 
conclusive. 
The present investigation was therefore initiated in attempt to 
explain the pattern of A. quercicola (Bouche) infestation 
observed in Quercus robur L. trees exhibiting differential degrees 
of die-back along an urbanization gradient. The results reported 
here form part of an ex tensive multidisiplinary research effort 
attempting to explain this die-back in Q. robur L. trees along an 
Figure 1 The terminal portion of a leafy twig of Quercus robur L., 
sampled in a suburb (group c) that is heavily infested with Asterole-
cwlium quercicola (Bouche). The female is nearly circular. 0.95-1 .5 
mm in diameter, slightly convex dorsally, greenish-yellow, transpar-
ant to translucent, of which the posterior is sometimes slightly 
produced. 
urbanization gradient, and it aims to provide a detailed character-
ization of the timing and nature of phytocentric and exploiter-
induced alterations associated with the decline which can be 
placed in an historical context. In order to achieve the above-
mentioned aim and provide additional insight towards under-
standing how plants respond to variations in resource supply and 
demand in the urban environment, we attempt to interpret the 
diurnal time courses presented, in terms of their significance for 
growth at a particular site, hy identifying interactions between 
fixed plant characteristics (Knapp 1992), and more dynamic 
physiological responses (Tenhunen et al. 1987) in terms of their 
integrative effect on carbon and water relations. 
Materials and Methods 
Data were obtained from three groups of approximately 80-year-old 
and on average 12-m-high Q. robur L. trees planted along an urbani-
zation gradient in Potchefstroom (150 km south-west of Johannes-
burg). The three groups of trees were quantitatively grouped on the 
basis of the visible degree of die-back (%) and degree of A. querci-
cola infestation (number mm-2). The ·resulting three groups were: 
group a(< 5%, 249 mm·2, i.e. rural), group b (> 20%, 927 mm·2• i.e. 
at the edge of town), and group c (>50%. 492 mm·2, i.e. in a suburb). 
Measurements and leaf sampling were conducted twice monthly for 
two years during the late summer from 06:00 to 20:00 GMT, with 
the aid of a 6-m scaffolding that was erected next to a representative 
tree of each group. Measurements (every two hours) and sampling 
(once in the late afternoon) occurred on 12 leaves per branch of three 
randomly selected branches. All measurements per time interval 
were subsequently pooled, but only after being extracted and 
assayed independently when chemical analyses were done. 
Whole-leaf gas exchange parameters were conducted in silll with 
a portable gas exchange system (A.D.C. LCA-2 infra-red gas ana-
lyser coupled to an A. D.C. DL-2 datalogger and an A.D.C. ASUM-2 
mass fl ow regulator), used in open circuit in combination with a 
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broad leaf chamber (Parkinson, PCL-B-all Analytical Development 
Co, Hoddeson, England), under natural climate and irradiance. Data 
were downloaded to a computer and the results calculated according 
to the equations described by Farquhar and Sharkey (1982). Chloro-
phyll fluorescence measurements, after a dark-adaptation period of 
45 min, were conducted in situ with a shutterless lluoresccnce meas-
uring system which allows for the accurate measuring of the initial 
and maximum fluorescence levels (Plant efficiency analyzer, PEA. 
Hansatech, King 's Lynn. Norfolk. England). 
Predawn leaf water potentials (\Vr><J) and daily minimum leaf water 
potentials ( \Vdm) were determined with a Scholander pressure cham-
ber (PMS-instrument, Oregon, lJSA) to quantify the water status of 
the trees. Two replications per branch were taken. Ambient tempera-
ture and humidity were determined with a portable thermo-hygro-
meter (Hanna-instruments, Padova, Italy). The method described by 
Masarovicova and Pozgaj ( 1988) was used to determine actual leaf 
area. For carbon and nitrogen analyses plant material was dried and 
ground. Amounts of approximately 0.15 g and 0.02 g were used for 
the total nitrogen and carbon analyses respectively. Total nitrogen 
was analysed using a wet-digestion technique of sulphuric acid and 
hydrogen peroxide. A mixed reagent of sodium salicylate. sodium 
tartrate, sodium nitroprusside and sodium hydroxide was used to 
colorimetrically determine the ammonium concentrations in the 
samples. Ammonium sulphate was used as a standard. Total carbon 
was measured using a method of complete oxidation. The material 
was digested with a mixture of potassium dichromate and sulphuric 
acid. After heating and cooling, barium chloride was added. The 
samples were centrifuged and the absorbency of the clear superna-
tant was recorded. Sucrose was used as the standard (Anderson & 
Ingram 1989). 
Proline concentrations ( ~lmol proline g fresh weight' 1) were deter-
mined with a rapid colorimetric method as described by Bates eta/. 
( 1973), and a Folin-Dennis assay was used to estimate total pheno-
lics (in tannic acid equivalents. ~g TAE) (Martin & Martin 1982), 
after a survey of the extensive amount of literature available regar-
ding polyphenols and the chemical defence of the leaves of Q. robur 
(Feeny & Bostock 1968; Scalbert & Haslam 1987: Scalbert et a/. 
1990). 
Data were statistically analysed with the aid of the Dunnet 1-test, as 
multiple comparisons had to be made with a control and one of the 
several t-statistics was applicable (Mil ler 1966). The interactions 
between parameters were evaluated wi th Pearson product- moment 
correlation and least-squares linear and non-linear regression analysis. 
Results and Discussion 
In spite of 'Vrd possibly underestimating soil water potential 
because of the importance of the hydraulic capacitance and 
resistance in the tree which prevent equilibrium (Tyree 1988), 
these values in conjunction with the 'Vmd (Table 1) provide a clear 
indication that the percentage extractable water in the soil dif-
fered between the three groups of trees. This water potential gra-
dient resulted in differential degrees of water stress being 
induced in the trees of the three groups. The 'I'm~ for the trees of 
both groups b and c decreased below - 2.5 MPa (Figure 2). These 
\Vmd values (Table 1) concur well with those measured by Breda 
era/. ( 1993a, b). This leaf water potential is below what Hinck-
ley et al. ( 1978), upon summarizing a large number of observa-
tions, concluded to be the level of 'adequate soil moisture'. 
Cavitation in Q. robur L. has been noted to begin at leaf water 
potentials of - 2.2 MPa, and 50% embolism has been found to 
occur around -3.0 MPa (Dreyer eta/. 1990). Not only from their 
lower 'Vrd• but also because loss of turgor could have occurred for 
twice as long in the trees of group c than for the two hours it 
occurred in the trees of group b (Figure 2), it ought to be clear 
that the trees of group c were more severely water stressed than 
the trees of group b. Similar findings have been reported for other 
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Table 1 Some quantitative characteristics of three groups 
of Q. robur L. trees growing along an urbanization gradient 
Group A Group B Group C 
Parameters rural edge of town suburb 
Leaf water potential 
'Vrd (MPa) - 0.5 ± 0.01 
- 0.9 ± 0.02·' - 1.2±0.01~ 
'l'md (MPa) - 2.85 ± 0 .02 
-:us ± o.o5• -3. I 5 ± om• 
Gas exchange 
A max 9.42± 1.58 8.55 ± I .49" 8.89 ± 1.62" 
().lmol rn·2 s' 1) 
Em.- 10.28 ± 1.10 6.80 ± 0.17~ 6.23 ± 0.29~ 
(rnmol nl' 2 s· ' J 
gm•• (mol m·2 s· ' ) 0.!:!6 ± 0.10 0.94 ± 0 .623 0.93 ± 0.47" 
Max .leaf temp 3 1.88 ± 0.27 24.78 ± 0.25h 24.52 ± 0.90h 
(oC) 
Leaf characteristics 
Average leaf area 7952.2 ± 1643.9 8865.5 ± 2891.5·' 5140.8 ± I 088.7~ 
(mm2) 
Average leaf 
weight (g) 
0.671 ±0. 153 
Carbon: nitrogen ratio 
Carbon content 31.43 ± 2.96 
(%) 
natrogcn content 1.06 ± 0.22 
(%) 
C: N ratio 29.65 ±4.16 
0.9 18± 198~ 0.552 ± 0.1773 
26.58 ± 3.72" 3 1.07 ±.4.42 
0.92±0.17 1.58 ± 0. 16h 
28.89 ± 3.65 19.66 ± 087~ 
•.hValues of the parameters that deviated significantly ("p < 0.05) or 
highly significantly (~p < 0.0 I) from that of group a (i.e. the rural group 
of Q. robur L. trees) 
lree species growing in urban agglomerations (Zimny Zukowska-
Wieszczek 1989). 
The diurnal pattern of net photosynthetic rate of C02 assimila-
tion (A) in the trees of bolh groups a and b (Figure 2) resemble 
those typical for mesophytic species under mesic and moderate 
water stress conditions (Tenhunen er al. 1982). The pattern of A 
in these trees followed a slightly asymmetrical bell-shaped pat-
tern as the stomata open rapidly with an increase in light and 
temperature during the early morning and remained open for the 
remainder of the day. A (Figure 2) but not stomatal conductance 
(not shown) was observed, as was done by Knapp and Smith 
(1990), to parallel the course of photon flux density (Figure 3). 
Although achieving approximately the same maximum rate of 
net photosynthetic C02 assimilation (Am,.) as the trees of group 
a, the trees of group breached their Am,. later and A decreased at 
a faster rate as the day progressed (Figure 2), ,1( similar sharp 
afternoon decline in Lhe course of A has previously been 
observed in Q. alba (Dougherty & Hinckley 198 1) and Q. rubra 
(Weber & Gates 1990). These A max values concur well with those 
reported for many other mesophytic broad-leafed species, inclu-
ding Q. alba (Dougherty & Hinckley 1981) and Q. mba (Jurik 
1986), but are slightly lower than those reported by Epron and 
Dreyer ( 1993) for Q. petraea and Q. robur. 
The diurnal pattern of A resulted in approximately 40% less 
C02 being fixed ()..lmol m·2 s· ') by the trees of group b than those 
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Figure 2 Diurnal time course of the net photosynthetic rate of 
C02 assimilation, transpiration rate and leaf water potential in three 
groups of Q. robur L. trees which grow along an urbanization gradi-
ent (a) group a being in a rural area. (b) group b grows at the edge of 
town and, (c) group c is growing in a suburb. 
of group a during the diurnal period monitored. Similar 
decreases (Figure 2) in plant carbon gain have been reported to 
result in the preferential allocation of carbohydrates to roots, 
with a decrease in the amount of carbohydrate retained in leaves 
(Table 1), and decreased starch: sucrose ratios (Geiger 1986). 
According to Larcher (1980), a reduction in the plant carbon: 
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Figure 3 Diurnal tim~ cours~ of the photon llux density, relatiw 
humidity and ambient temperature experienced by all three groups of 
Q. mlmr L. trees during il typical modl!rate late summer's day during 
which monitoring occurred. 
nitrogen ratio due to a decrease in the carbon content (Table I) 
redUL:es carbon available for fibres, lignin and cell wall produc-
tion, as carbon is shunted to the roots. Also, plants with reduced 
carbon: nitrogen ratios tend to have lower transpiration rates (£) 
(Figure 2) and a higher leaf water content (Jones & Coleman 
199 1 ). This might explain why the leaves of the trees of group b 
had higher leaf weights (Table 1) than those of the trees of group 
c. Although mild water stress usually results in decreased total 
nitrogen concentrations in leaves (Aiberte & Thorbner 1977; 
Bradford & Hsiao 1982), in the present investigation the nitrogen 
content of the trees of group b did not differ signiticantly from 
that of group a (Table I). 
The two-peaked pattern of A, with a predominant morning 
peak. characterizing the trees of group c (Figure 2) has previ-
ously been associated with more severe water stress (Tenhunen et 
a/. 19X7 and several authors cited therein). This phenomenon of 
A being the highest early in the morning. less at midday and 
rising again during the afternoon has been said (Tenhunen et al. 
19X7) to ensure at least a moderate amount of C02 uptake which 
is important if the plant is to maintain a positive carbon balance. 
Midday depression of gas exchange seems to he characteristil: of 
species regularly confronted wi th water stress (Tenhunen et at. 
1987), and has frequently been reported for both xerophyte and 
mesophyte oaks (Epron & Dreyer 1993). Midday depression of A 
occurs in stressed trees even during days with mild climatic con-
ditions (Figure 3), possibly because water stress results in a 
greater sensi tivi ty of leaf gas exchange to air temperature and 
vapour pressure deficit (Tenhunen et al. 1987). Although not 
reaching the same A • .,. as that of the other groups of trees stud-
ied. the afternoon peak (Figure 2) enabled the trees of group c to 
achieve 20% more C02 tixation than the trees of group b during 
the diurnal period monitored. 
Contrary to the mildly water-stressed trees of group h, in the 
trees of group c, a dl!crease in plant carbon gain due to severe 
water stress {Table 1) and possibly air pollution (Jones & Cole-
man 1991 ) probably led to an increased carbon sink pressure by 
the shoots relative to the roots (Geiger 1986), as well as elevated 
starch: sucros~ ratios during the light period (Huber et al. 1986). 
The leaves of severely stressed trees tended to be smaller (Table 
S. Afr. J. Bot. 1997, 63(1) 
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Figure 4 Cumulative diurnal proline and polyphenol concentra-
tions in threl! groups of Q. robur L. trees growing along an urbaniza-
tion gradient. 
I), the density of vascular bundles increased and anatomical dif-
ferences were generally higher (Bradford & Hsiao 1982; Camp-
be)) 1986). Proline accumulation occurred in the trees of group c 
but not in those of group b (Figure 4) as the stress was probably 
not severe enough (van Rensburg & KrUger 1994) nor was there 
enough starch in the leaf tissue (Hsiao 1973) for proline accumu-
lation to occur in the leaf tissue of the trees of group b. The sig-
nificantly higher nitrogen content in the leaves of the trees of 
group c (Table I), which is consistent with the hypothesis of 
White (1984) and Rhoades ( 1979), possibly resulted from the 
more severe water stress, inducing the mobilization of nitrogen 
and causing an incrl!ase in the amounts of amino acids (Jones & 
Coleman 1991 ; van Rensburg & KrUger 1993). The exact oppo-
site trend was observed with regard to the polyphenolics (Figure 
4), i.e. the polyphenolic concentrations were higher in the leaf 
tissue of the trees of group b than in the trees of group c. The 
above-mentioned set of results (Figure 4) are in accordance with 
the resource-availabil ity hypothesis of Bryant et al. (1983), 
which is based on carbon-nutrient balance, and predicts a decline 
in allocation to carbon-based secondary metalolites when carbon 
gain is limited relative to nutrient availability, such as observed 
in the trees of group c. 
As was to be expected in thi! present investigation, A corre-
lated positively with PPFD (r2 ± O.X5 on average) in the trees of 
all three groups, however. a closer coupling was found to exist 
between the diurnal courses in IJ'~~ and A (Figure 2) for the trees 
of groups c (r2 = 0.84) and b (r2 = 0.55) than for the trees of 
group a (r 2 = 0.45). This finding regarding the trees of group c is 
consistent with the work of Leverenz ( 1981) which found A to be 
relatively (not totally) unrelated to diurnal changes in IVL of well-
watered forest-grown Douglas tir trees. It should, however, be 
noted that diurnal variation in IVL has been indicated to be the 
dominant factor affecting the diurnal variation in A on hot sunny 
days (Hodges 1967). Since stomata are the organs through which 
both C02 uptake and water loss take place, the various feedback 
loops which regulate stomatal response could have special signif-
icance. As has been noted by several authors (Tenhunen et a/. 
1987; Schul:te et at. 1987). we observed very little relation 
between the diurnal changes in A and g (r 2 ± 0.20 on average) 
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and IJifl<) and g (r2 ± 15 on average). Reduced responses in g such 
as this could, according to Knapp ( 1992), be attributed to inher-
ently low gas exchange rates or other factors associated with the 
tree growth form (Knapp & Smith 1990). The trees of groups b 
and c could, however, also have suffered from a non-stomatal 
inhibition of photosynthesis. For, in Q. robur L. (Epron & Dreyer 
1993), as was also re ported for several other species (Schulze et 
al. 1975), the diurnal reduction in A with decreasing \lit is not 
accompanied by a reduction in the intercellular C02 concentra-
tion, in spite of possibly lowered ribulose-1,5-bisphosphate car-
boxylase activity (Konecna et al. 1989). Along this line of 
thought it is interesting to note that both the time needed to reach 
maximum fluorescence level, i.e. Ffm, and S, i.e. the comple-
mentary area normalized to the variable fluorescence (Figure 5), 
not only correlated very well with A, but also with \llr~ and RH, 
indicating some regulation of A at the level of PSII. Consistent 
with experimental evidence (Tenhunen et al. 1987) and field 
studies (Schulze eta/. 1975; Masarovicova 1989), but contrary to 
the weak correlation of g with PPFD (except in the trees of group 
a). relative humidity (RH) was found to correlate particularly 
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well withE which mainly reflected changes in g more in the trees 
of group c (r2 = 0.80) and b (r 2 = 0.72) than with those of group a 
(r2 = 0.36). A shift in stomatal sensitivity to changes in RH (Fig-
ure 6) is an important adaptive feature that has been positively 
correlated with a long-term stress effect (Schulze et a/. 1975). 
and has previously been observed in four-year-old Q. robttr L. 
saplings in relation to microclimatic factors (Masarovicova 
1989). In this regard it is interesting to note that a dominating 
role for humidity in the induction of the midday depression, as 
observed in the trees of group c (Figure 2) has been demonstrated 
(Raschke & Rescmann 1986) and that a similar increase in sensi-
tivity to RH was also observed during the course of a summer 
drought in Q. alba (Dougherty & Hinckley 1981 ). 
Before attempting to explain why the highest degrc::e of A. 
quercicola infestation occurred on the leaves of the trees of 
group b, it should be realized that the drought stress-induced 
decrease in carbon gain possibly predisposed both the trees of 
groups b and c to A. quercic:o/a infestation, and as indicated by 
Faeth ( 1985), phytochemical changes alone are often inadequate 
to explain variability in herbivory patterns. For example. carbon 
limitation results in reduced cuticle thickness (Larcher 1980), 
which may be exacerbated by air pollution-induced degradation 
of the leaf cutiles (Crossley & Flower 1986). This could have 
occurred in the trees of both groups b and c. together with lower 
rates of A, an increased sens itively of g to RH. and some effect at 
the level of PSII. However. leaf ti ssue of the trees of group b 
were not only anatomically so altered that they offered little 
resistance to parasites but their secondary metabo lism was also 
so affected that they probably contained the highest concentra-
tions of phenol glysosides and sugar, both of which appear to 
regulate feeding preference (Tahvanainen et a!. 1985) of some 
insects (Jones & Coleman 1988). Furthermore. as marked 
increases in foliar nitrogen, associated with severe stress. gener-
ally do not result in any increase in leaf performance, and as 
insect specialists also show a limited capacity to deal with severe 
stress-induced changes in the quality of nitrogen in the host (as 
has been observed in the present investigation. Figure 4), we can 
conclude that because A. quercicola is so hos t specific, it may 
only be able to respond to changes in plant nitrogen over a fairly 
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L. trees growing along an urbanization gradient. 
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narrow concentration range, such as observed in the slightly to 
moderately stressed trees. 
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